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N-linked glycans containing linear poly-N-acetyllactosamine as
sorting signals in endocytosis in Trypanosoma brucei
Derek P. Nolan, Maurice Geuskens and Etienne Pays
African trypanosomes, such as Trypanosoma brucei, are
protozoan parasites that are transmitted by the tsetse
fly and cause sleeping sickness in humans and Nagana
in cattle. Trypanosomes evade the immune responses of
their hosts by varying their surface coat protein (VSG)
and restricting exocytosis and endocytosis to an
invagination of the plasma membrane called the
flagellar pocket (FP). The FP represents only 0.5% of the
cellular surface but membrane turnover here occurs at
high rates [1–3]. No model has yet been proposed to
account for the sequestration of membrane proteins and
the rate of membrane turnover that occur in the FP.
Recent data have suggested that glycans are involved in
the sorting of membrane proteins in polarized cells
[4–7]. Here, we show that N-linked glycans containing
linear poly-N-acetyllactosamine (pNAL) are only
associated with proteins of the FP/endocytic pathway in
T. brucei and are present only in bloodstream forms of
the parasite. These glycoproteins bind to tomato lectin
(TL), a property that allowed their single-step isolation.
Chito-oligosaccharides that compete specifically for
pNAL binding to TL also inhibited receptor-mediated
uptake of several ligands. These results suggest a
model in which N-linked linear pNAL acts as a sorting
signal for endocytosis in trypanosomes. 
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Results and discussion
We recently described a glycoprotein, ISG100 [8], of the
FP–endocytic pathway in T. brucei that appears to
contain a single extensive N-linked glycan (~50% by
weight). Many lysosomal membrane glycoproteins
(LAMPs) from higher eukaryotes have N-linked glycans 
that contain linear repeats of N-acetyllactosamine
(Galβ1 → 4GlcNAcβ1 → 3)n [9]. These can be identified
either using tomato lectin (TL), which binds with high
affinity only when three or more linear disaccharide repeats
are present [10], or by digestion with endo-β-galactosidase
[11]. We therefore tested the possibility that the N-linked
glycan of ISG100 also contains linear pNAL. 
Interaction of TL with ISG100 was assessed by TL blotting
of ISG100 immunoprecipitated from cells surface-labelled
with 125I (Figure 1a). ISG100 readily bound TL, although to
a lesser extent after endo-β-galactosidase treatment and not
at all after treatment with N-glycosidase F. The incomplete
effect of endo-β-galactosidase might reflect partial digestion
but detection of a polypeptide with a size similar to that
obtained after N-glycosidase F treatment suggested that the
N-glycan of ISG100 might be composed largely of linear
pNAL. TL blotting of membrane fractions demonstrated
that bloodstream trypanosomes contain a range of proteins
that bind to TL. As observed for ISG100, these proteins
were enriched in the FP and endosomal/lysosomal fractions
(Figure 1b). No labelling was observed in TL blots of frac-
tions from procyclic forms of the parasite (data not shown). 
Biotinylated TL was used to investigate the localization of
TL-binding sites in trypanosomes. All elements of the
endocytic pathway were labelled, including the lumen and
ectoplasmic face of membranes of the FP, endocytic vesi-
cles, collecting tubules and a large perinuclear digestive
vacuole (Figures 2a–c). No other regions of the plasma
membrane or intracellular compartments were labelled.
No labelling occurred in procyclic cells (Figure 2d). This
Figure 1
TL blotting analysis. (a) TL blotting of ISG100 immunoprecipitated from
cells surface-labelled with 125I. Precipitates were mock treated
(lane 1), treated with N-glycosidase F (lane 2) or endo-β-galactosidase
(lane 3) before blotting with TL. Autoradiography of the blot revealed
the deglycosylated form of ISG100 migrating at around 55 kDa [8]
(arrowhead). (b) TL blots of membrane fractions (5 µg per lane) from
the flagellar pocket (F), plasma membrane (P) or endosomal and
lysosomal membranes (L) [8].
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finding indicates that N-glycans that bind TL are develop-
mentally regulated, which might reflect the morphological
differences between the FP–endocytic pathway in blood-
stream and insect forms of the parasite and the significant
reduction in endocytic activity in the latter [12]. Labelling
was abolished in bloodstream forms when competing chito-
oligosaccharides were present (Figure 2e). Identical results
were obtained with Texas-red-conjugated TL, which
specifically labelled the cellular region associated with
endocytosis, that is, the region between the nucleus and the
kinetoplast (Figure 2f). Again, no labelling was observed in
procyclic forms nor in the presence of chito-oligosaccharides
(data not shown). In contrast, the distribution of FITC-con-
jugated concanavalin A (Con A) was widespread (Figure 2g),
a result consistent with the broader specificity of Con A.
Glycoproteins that bound to TL were isolated by lectin
chromatography of CHAPS lysates of cellular suspensions
that contained cells metabolically labelled with 35S or
surface-labelled with 125I. Most proteins did not bind to
TL but a small amount of material was retained and specif-
ically eluted with TL-competing chito-oligosaccharides
(Figure 3a). Silver staining demonstrated a significant
enrichment in the binding fraction of a group of proteins
ranging in molecular weight from 30 to over 100 kDa.
Autoradiography confirmed this result and demonstrated
that most proteins, including the major surface protein
VSG (Figure 3b, arrowhead), did not bind to TL. The
pattern of 35S-labelled proteins in the binding fraction was
very similar to that identified by silver staining. Some pro-
teins were also labelled by 125I, indicating a surface loca-
tion (Figure 3b). A very different group of proteins,
including VSG, was observed in the Con-A-binding frac-
tion (Figure 3b). When the TL-binding fraction was
digested overnight with N-glycosidase F and reapplied to
the TL column, all of the proteins were recovered in the
non-binding fraction (data not shown). These results were
obtained with a clonal variant (MIT at 1.2) in which the
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Ultrathin sections of bloodstream forms of T. brucei were incubated with
(a–c) biotinylated TL followed by gold (10 nm)-conjugated goat anti-
biotin antibody. Labelling occurred throughout the endocytic pathway,
including the lumen and limiting membranes of the flagellar pocket (fp),
adjacent coated pits and vesicles (arrowheads), tubular vesicular
structures (tv) located just anterior to the pocket and a large, perinuclear
digestive vacuole (DV). There was no labelling of the plasma membrane
(pm) or cytoplasm. No labelling was observed in (d) procyclic forms or in
(e) bloodstream forms in the presence of chito-oligosaccharides
(20 mg/ml). F, flagellum. Scale bars represent 0.5 µm. Cells were also
subjected to direct fluorescence microscopy using (f) Texas-red-
conjugated TL or (g) FITC-conjugated Con A. TL fluorescence was
detected only in the region located between the kinetoplast (arrows in
(f)) and nucleus, which was stained with 4,6-diamidino-2-phenylindole
(DAPI) [8]. In contrast, Con A fluorescence was widespread.
VSG contains an N-linked but branched pNAL oligosac-
charide [13]. This directly confirmed the specificity of TL
for linear N-linked pNAL. Identical results were obtained
using different VSG clonal variants.
The TL-binding fraction was further characterized using
antibodies against FP and lysosomal proteins (Figure 3c),
for example, the expression-site-associated genes (ESAGs)
6 and 7, which encode subunits of the transferrin receptor
[14–16], the 145 kDa LDL-binding protein [17] and invari-
ant glycoproteins ISG100 and CB1-gp [18]. All of these pro-
teins bound to TL, whereas other proteins, which are
uniformly distributed over the trypanosomal surface [19],
such as VSG and ISG70, did not (Figure 3c). The VSG
expression site contains additional genes or ESAGs
thought to encode surface proteins [19]. Western blots
were used to test whether the products of these ESAGs
also bound to TL and, of those examined (ESAGs 2–4 and
8), only that encoded by ESAG 2 bound (Figure 3c). This
protein migrated at ~120 kDa, which is higher than the
molecular weight predicted from the gene sequence
(~46 kDa) [19], but this decreased to 60 kDa after treat-
ment with N-glycosidase F (data not shown). Silver stain-
ing and 35S labelling also showed the presence of a protein
in the TL-binding fraction (Figures 3a,b) that was similar
in size to a 42 kDa protein recently identified in the FP
[20]. Interestingly, CB1-gp initially appeared as a 100 kDa
glycoform, which then underwent elongation of N-glycans
to generate the larger sized (~150–180 kDa) mature form
of the protein [18]. This elongation does not occur in
procyclic forms and it was proposed that the enzymes
responsible are not active during this stage of the parasite
life cycle [18]. Our data support this view and suggest that
the elongation of the CB1-gp N-glycans reflects the addi-
tion of linear pNAL chains that interact with TL. In order
to determine whether proteins bound to TL directly or by
association with bound glycoproteins, TL precipitations
were performed using denatured (SDS) or native (CHAPS)
lysates of cells metabolically labelled with 35S (Figure 3d).
These experiments showed that several proteins, most
notably those migrating below 40 kDa, were not precipi-
tated from denatured lysates, which suggested a non-cova-
lent association with glycoproteins that bind to TL. 
These data demonstrate that N-glycans containing linear
pNAL are restricted to glycoproteins of the FP–endocytic
pathway and are developmentally regulated, which raises
the interesting possibility that these glycans play a role in
endocytosis in T. brucei, perhaps by interaction with a TL-
like protein located in the FP. This idea is compatible with
emerging evidence [4–7] that glycans are involved in
sorting processes in polarized cells. Moreover, proteins with
lectin-like activity have been implicated in these events
[21] and lectins that specifically bind to linear pNAL have
been described in animal cells [22]. This idea was tested
by measuring the specific uptake of transferrin, low-
density lipoprotein (LDL) and high-density lipoprotein
(HDL) in the presence and absence of the same chito-
oligosaccharides that specifically eluted glycoproteins from
TL columns. These chito-oligosaccharides substantially
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Figure 3
Elution profile of trypanosomal proteins after
TL chromatography. (a) Each fraction was
assessed for protein content, 125I labelling
and 35S labelling. Chito-oligosaccharides
were applied at fraction 26. Samples of the
material loaded onto the column (L) and the
combined flow-through fractions of peak 1
(FT) along with the individual fractions
(28–31) and pooled material from peak 2
(TL pool) were subjected to SDS–PAGE and
silver staining. The L, FT and TL pool samples
were applied at 2 µg/lane. The positions of
molecular weight markers is shown on the left
(St; BenchMark protein ladder, GibcoBRL).
(b) Fractions representing non-binding
(peak 1) and binding (peak 2) material were
pooled and subjected to SDS–PAGE and
autoradiography. The VSG protein is
indicated by an arrowhead. For comparison,
the Con-A-binding fraction from cells
metabolically labelled with 35S [8] is shown
on the right. (c) Western blot analysis of
peaks 1 and 2 using antibodies against VSG,
ISG70, ISG100, CB1, ESAGs 2, 6 and 7 and
the 145 kDa LDL-binding protein. Antibodies
against ESAG7 cross-reacted with ESAG6
(arrowhead) because of high homology
between the proteins, whereas anti-ESAG6
antibodies were raised against peptides
specific to ESAG6. (d) Biotinylated TL
(40 µg) and streptavidin–agarose were used
to precipitate proteins from SDS and CHAPS
lysates (4 × 107 cell equivalents) of cells
metabolically labelled with 35S [8]. After
extensive washing, the precipitated proteins
were eluted using the chito-oligosaccharide
mixture and subjected to SDS–PAGE
and autoradiography.
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inhibited the specific uptake of all of these ligands, whereas
other sugars were without effect (Table 1). This inhibition
was not related to ligand binding nor to secondary effects
on the cells as these chito-oligosaccharides did not affect
ligand binding to cells incubated at 0°C (data not shown)
and in all cases the motility, morphology and number of
cells were not affected by these treatments. 
Our data support a tentative model for endocytosis in tryp-
anosomes that involves an interaction between N-glycans
containing linear pNAL and a protein in the FP that pos-
sesses an external domain with TL-like binding speci-
ficity and a cytoplasmic internalization signal, which
interacts with the internal machinery of the endocytic
pathway. This idea fulfils a predicted requirement of
transferrin uptake by the GPI-anchored receptor in blood-
stream trypanosomes, namely, a mechanism that abrogates
the necessity for a cytoplasmic internalization domain on
the receptor [14–16], and also accounts for the absence of
ligand uptake and the uniform surface distribution of the
receptor when expressed in procyclic forms [15]. The
model also allows for the sequestration of specific proteins
in the FP, whereas proteins that lack linear pNAL would
be free to move out of the FP in the plane of the plasma
membrane. It is tempting to speculate that the use of a
luminal–extracellular sorting signal has the advantage of
allowing maximal exploitation of the limited FP surface.
Supplementary material.
Supplementary material including additional methodological detail is
available at http://current-biology.com/supmat/supmatin.htm.
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Table 1
Effect of saccharides on the specific uptake of transferrin, LDL
and HDL.
Specific uptake of ligand (ng/107 cells)
Addition Transferrin LDL HDL
Control 1.03 ± 0.17 7.05 ± 0.83 2.97 ± 0.23
Chito-oligosaccharides 0.21 ± 0.11 3.65 ± 0.81 1.25 ± 0.32
α-methylmannoside 0.95 ± 0.12 6.82 ± 1.04 2.34 ± 0.22
N-acetylglucosamine 1.11 ± 0.15 6.51 ± 0.94 2.58 ± 0.31
Sucrose 0.93 ± 0.24 7.24 ± 1.63 ND
The specific uptake of transferrin (10 µg/ml), LDL (20 µg/ml) and HDL
(20 µg/ml) was measured after a 40 min incubation in the presence of
chito-oligosaccharides (tri-N-acetyl-chitotriose and tetra-N-acetyl-
chitotetraose, both 15 mM), α-methylmannoside (30 mM),
N-acetylglucosamine (30 mM) or sucrose (30 mM). The results are
expressed as the mean ± standard error (SE) from three separate
experiments (n = 5), except for sucrose, where only one experiment
was performed. ND, not determined.
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Supplementary materials and methods
TL column
TL was coupled to Affigel 10 (BioRad) — 2.0 mg lectin/ml of gel.
TL chromatography
Cells (107) previously surface-labelled with 125I or metabolically labelled
with 35S were added to a suspension of unlabelled cells (2.0 × 1010)
and the combined pellet was extracted by resuspension in 20 ml of TSC
(25 mM Tris–Cl pH 7.5, 150 mM NaCl, 0.1 mM CaCl2, 1% CHAPS)
and protease inhibitors [S1]. After 1 h at 0°C, the extract was cen-
trifuged (50,000 × g for 1 h) and the supernatant was dialysed overnight
against 10 volumes of TSC and then applied to a TL column (~2.2 ml
bed volume) equilibrated with TSC. The column was washed before
reversing the flow and eluting bound proteins using a mixture of chito-
oligosaccharides (20 mg/ml of tri-N-acetyl-chitotriose and tetra-N-
acetyl-chitotetraose in TSC; Seikagaku corporation) that specifically
compete with linear pNAL for binding to TL [S2]. Fractions from the
peaks of protein or radioactivity were pooled and dialysed and concen-
trated using Centricon-10 units. Neither 0.2 M α-methylmannoside or
0.25 M NaCl eluted the TL-binding fraction (data not shown). The anti
CB1-gp antibody was obtained from Cedar lane; antibodies against
LDL-binding protein [S3] were a gift from P. Courtoy (ICP, Brussels).
Localization of TL-binding sites
Ultrathin sections of trypanosomes were prepared and processed as
previously described [S4]. The sections were incubated overnight at
4°C on PBS/BSA containing biotinylated TL (50 µg/ml, Sigma) and, after
washing steps, with goat anti-biotin antibodies (diluted 1 in 100)
conjugated to colloidal gold particles (British BioCell). Non-specific
binding of TL was assessed by incubation in the presence of the chito-
oligosaccharides (20 mg/ml) that specifically eluted proteins from TL
columns [S2]. For direct fluorescence microscopy, the cells were fixed
and incubated with Texas-red-labelled TL or FITC-labelled Con A as
described elsewhere [S1,S5].
Endoglycosidase digestion and lectin blotting
ISG100 was immunoprecipitated from detergent lysates of surface-
labelled cells [S1]. The packed resin plus immune complexes were
incubated for 3 min at 100°C in 70 µl of 10 mM Tris–Cl pH 8.0, con-
taining 0.1% SDS and 2 mM β-mercaptoethanol. Samples (16 µl) of
the incubation were removed and added to 4 µl of the appropriate
glycosidase buffer (5×): N-glycopeptidase F, 0.25 M Na2HPO4 pH 7.6,
50 mM EDTA, 25 mM β-mercaptoethanol, 5% CHAPS; endo-β-galac-
tosidase, 0.3 M CH3COONa pH 5.8, 5% CHAPS, 1 mg/ml BSA. N-
glycopeptidase F (10 units/ml; Boehringer) and endo-β-galactosidase
(1 unit/ml, Bacteroides fragilis; Boehringer) were added and the incu-
bations continued for 12 h at 37°C. The incubations were terminated
by addition of SDS–PAGE sample buffer and the samples were sub-
jected to electrophoresis followed by lectin blotting [S5] using biotiny-
lated TL (2 µg/ml in 2% PBS/PVP) and streptavidin-conjugated
alkaline phosphatase (Sigma).
Receptor-mediated endocytosis
Bovine transferrin (Sigma) was labelled with 125I as previously
described [S4], while human LDL and HDL (Sigma) were both iodi-
nated by the method of Goldstein et al. [S6]. Uptake of these ligands
by cells (2 × 107/ml) was measured after 40 min incubation at 37°C
(5.5% CO2) in Ham F-12 medium (GibcoBRL) supplemented with 1%
ovalbumin, 30 mM Hepes pH 7.4, and 0.15 mM adenosine using a
serial washing technique [S7]. Specific uptake of ligand was defined
as the difference between that measured in the absence and presence
of a 100-fold excess of unlabelled ligand, except for HDL where a 70-
fold excess was employed.
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